Temporal patterns in chlorophyll a (Chl a) concentration and phytoplankton production were examined in the main channel of the Lower Mississippi River at two locations separated by , 420 river km, near Tunica, Mississippi (51 sample-days, 2006 -2009 , and near Le Tourneau, Mississippi (15 d, 2006-2007). Phytoplankton production was estimated based on laboratory-derived photosynthesis-irradiance profiles coupled to field measurements of the light regime and temperature. Chl a concentration varied between 3 mg m 23 and 24 mg m 23 , generally increasing at both sites from spring to late summer. Mean annual Chl a flux past Tunica averaged 3.6 3 10 6 kg in [2006][2007]. During the 15 month period of sampling at both sites, there was no difference in mean Chl a flux between sites. Despite the presence of viable phytoplankton capable of gross primary production (GPP), and annually recurrent summer increases in Chl a concentration, net primary production (NPP) evaluated over the mean cross-sectional mixing depths of the river was consistently negative at both locations. Severe light limitation constrained NPP. The maximum percentage of time that phytoplankton were in the photic zone was only 25% of a 12 h day (i.e., 3 h), and the mean water-column irradiance required for NPP 5 0 (GPP 5 phytoplankton respiration) was consistently greater than available daytime irradiance. We propose that viable phytoplankton in the main flow of the channel are subsidized from hydrologically connected regions where the light regime is favorable to positive NPP, including lateral slackwater portions of the channel and floodplain backwaters.
Rivers may receive organic matter by longitudinal transport from upstream (Vannote et al. 1980) , by lateral transport from the floodplain (Junk et al. 1989) , or by in situ primary production Delong 1994, 2002) . The relative contributions of these sources depend on such factors as regional climate, watershed characteristics (vegetation cover, land-use) , and the hydrogeomorphic structure (depth, volume, gradient, sinuosity, connectivity with floodplain) of the river system (Thorp et al. 2006; Hoeinghaus et al. 2007) . In large, turbulent rivers, having a high suspended sediment load and a low ratio of photiczone depth to mixed-layer depth, phytoplankton production is often light-limited and these systems are typically net heterotrophic (Vannote et al. 1980; Cole et al. 1992; Cole and Caraco 2006) . Nevertheless, depending on the time of year, phytoplankton production in locally favorable regions of the main channel, or hydrologically connected floodplain sites, may still be an important route and potentially the major route through which energy enters the grazing food web (Thorp and Delong 2002; Thorp et al. 2006; Cole and Solomon 2012) .
Yet, there are few studies of large rivers where phytoplankton production has been measured directly. In one such study in the main channel of the tidal Hudson River (mean discharge 5 592 m 3 s 21 ; Allan and Benke 2005) the water-column light regime was usually insufficient to support positive net phytoplankton production, despite notable blooms of phytoplankton biomass during the spring and summer (Cole et al. 1992) . These blooms were attributed to subsidies of phytoplankton production occurring in more shallow and/or less turbid areas either upstream or along the river sides (Cole et al. 1992) . In contrast, in impounded navigation pools of the Ohio River (mean discharge 5 8733 m 3 s 21 ; Allan and Benke 2005), net phytoplankton production was positive during the summer growing season, although still constrained by light availability (Sellers and Bukaveckas 2003) . In smaller rivers, such as the Murray River (Australia; Oliver and Merrick 2006) and the Neuse River (USA; Whalen and Benson 2007) , phytoplankton production was often positive, although still strongly controlled by light availability.
The Mississippi River Basin (MRB) encompasses 41% of the contiguous United States, is the third largest river basin in the world, and includes some of the largest rivers of North America, including the Ohio, the Missouri, the Upper Mississippi, and the Arkansas, all of which are tributaries of the Lower Mississippi River (mean discharge 5 18,400 m 3 s 21 ; Allan and Benke 2005) . The Lower Mississippi River (LMR) is commonly defined as the 1600 river kilometer (rkm) reach between the confluence with the Ohio River and its mouth at the Gulf of Mexico. Unlike all its major tributaries, the LMR is not serially impounded into pools, although it is laterally constrained by levees. This is not to suggest that patterns of water flow through the LMR ecosystem are uncontrolled. In addition to levees, the LMR has been modified by cut-offs of some meander loops, dredging, reinforcement of banks, and installation of , 331 km of wing or training dikes (Fremling et al. 1989 ). These dikes (groynes) are constructed from large rocks or rip rap, extend from one or both banks part-way into the channel, and serve to focus flow into the channel thalweg in support of navigation during low water.
The LMR is a highly dynamic system, and annually can vary by up to an order of magnitude in discharge and 15 m in depth. Maximum discharge and depth occur usually in spring or early summer and correspond to elevated levels of turbidity, suspended sediment load, and nitrogen concentrations (Goolsby et al. 1999) . As a large, lowland river formed by confluences with multiple major tributaries, the temporal pattern in physicochemical properties of the LMR is linked directly to the quantity, form, and timing of seasonal precipitation in the MRB (Turner and Rabalais 2004; Raymond et al. 2008) .
Although extensively modified for navigation and flood control, the LMR ecosystem remains hydrogeomorphically complex. The main channel meanders in large loops interspersed with straight crossings. Although the banks are largely reinforced by rip rap and concrete revetment, there is considerable lateral habitat variation in the form of, for example, shallow bays, near-bank eddies, blind sidearms, conduits to backwater sites, and secondary channels . Importantly, the levees of the LMR are generally set back from the main channel, from about 0.1 km to 10 km . Thus, although the current floodplain of the LMR subject to direct river overflow is only about 11% of the historical floodplain (Fremling et al. 1989) , it remains a fundamental component of the riverine landscape (Thorp 2009 ). Within the remaining floodplain there are bottomland forest, agricultural fields, and backwaters of various kinds (oxbow lakes, flooded bottomland forests), which vary temporally and spatially in their hydrologic connection to the main channel (O. Pongruktham and C. Ochs unpubl.). These backwaters are critical in the life cycles of river fish and other organisms (Fremling et al. 1989; Baker et al. 1991) .
Despite the LMR's importance as the major drainage system of the contiguous United States, its profound effect on the Gulf of Mexico (Rabalais et al. 1996) , and its role as critical wetland habitat, there has been little research on the LMR from an energy budget, food-web, or ecosystem perspective. In a study conducted from 2001 to 2003 at rkm 370, south of Baton Rouge, Louisiana, peaks in chlorophyll a (Chl a) were observed during summer (Duan and Bianchi 2006) . It was suggested that these peaks resulted from production in the main channel, but direct measurements were not made. Based on stable isotope analyses and C : N ratios, Kendall et al. (2001) proposed that a substantial proportion, albeit , 50%, of fine particulate organic matter in the LMR was derived from algae, while also emphasizing the need for direct measurements of production. Consistent with these observations, enzymatically hydrolysable amino acids in suspended sediment of the LMR, combined with pigment analyses, indicated a phytoplankton origin, except in springtime samples (Mayer et al. 2008) . Despite these hints that phytoplankton may be important in the LMR food web, the dynamics of phytoplankton production in the main channel flow were not investigated.
This study was designed to build understanding of the energy budget and food-web structure of the LMR ecosystem, by providing information on the population dynamics of river phytoplankton. Over 3.5 yr, from 2006 to 2009, we documented temporal patterns at two sites of physical and chemical properties, Chl a concentration and flux, and the phytoplankton photosynthesis-irradiance relationship. From these measurements, we evaluated gross and net phytoplankton production in the river channel.
Methods
Sample collection-Sampling occurred at two locations in the LMR main channel. The northern location was between rkm 1106 and 1028 (approximate coordinates: 34u449120N and 90u279140W), and is hereafter referred to as the Tunica site. The southern location was near rkm 685 (32u119570N and 90u599260W) at Le Tourneau, Mississippi. These sample locations span the northern and southern ends of the Mississippi Agricultural Delta.
Samples were collected at Tunica on a bi-weekly to monthly basis from February 2006 to October 2008, and several times between March and August 2009 (n 5 51). We did not sample in January or February 2008. At Le Tourneau, samples were collected monthly from June 2006 to August 2007 (n 5 15). All water samples were obtained at mid-river locations from , 0.5 m depth in triplicate bottles of 2-9 liters in volume. Samples were stored in cool, dark coolers during transport to the laboratory (2-5 h, depending on sample site).
Physical and chemical measurements-Water temperature was measured in the field with an YSI Model 57 oxygen meter. Water turbidity, pH, alkalinity, and dissolved and particulate chemical properties were measured in the laboratory as described in Ochs et al. (2010) .
Light-attenuation coefficients were determined in the field using a Li-Cor LI-193 Underwater Spherical Quantum Sensor. Measurements were made from the surface to at least the bottom of the photic zone (1% light level). The attenuation coefficient (k) was calculated from the BeerLambert Law, as k 5 [ln(I o ) 2 ln(I z )] z 21 , where I o is the incident light, I z is the light at depth, and z is the depth. All light-attenuation coefficients are the daily mean of 2-3 profiles. The light-attenuation coefficient was strongly related to water turbidity: k 5 1.81e 0.027(NTU) (r 5 0.98, p , 0.001, n 5 31), where NTU is Nephelometric Turbidity Units. This enabled us to estimate k from turbidity for phytoplankton production calculations.
Data for solar irradiance were obtained from the Surface Radiation Network (SURFRAD) site at Goodwin Creek, Mississippi, , 100 km from Tunica and 260 km from Le Tourneau. The SURFRAD program is operated by the National Oceanographic and Atmospheric Administration. Photosynthetically active radiation (400-700 nm) at Goodwin Creek is recorded continuously at 3 min intervals. We used these data as an estimate of surface light at the sample sites. River discharge measurements are from gauging stations operated by the U.S. Army Corps of Engineers (Memphis and Vicksburg Districts) at Helena, Arkansas (rkm 1067) and Vicksburg, Mississippi (rkm 703).
Chlorophyll a-Chlorophyll a (Chl a) concentration was quantified by fluorescence of pigments extracted from particles retained on glass-fiber filters. Extraction was in 90% alkaline acetone with continuous agitation at 0uC for 24 h, and quantified using a Turner Designs TD-700 fluorometer (Wetzel and Likens 2000) . Initially, we used Whatman GF/D filters (nominal pore size 2.7 mm), and after November 2007, Whatman GF/C filters (nominal pore size 1.2 mm) were used. We also measured whole-water fluorescence in all samples. To equate measurements for the full period of the study, we derived a multiple regression between Chl a on GF/C filters (dependent variable), wholewater fluorescence, and turbidity (two independent variables) from the subset of sample dates when GF/C filters were used. The regression (r 5 0.92, p , 0.001, n 5 31) was as follows: Chl a 5 0.40(fluorescence) 2 0.05(turbidity) 2 1.99. We used this statistical relationship to predict Chl a captured on GF/C filters on sample dates when only GF/D filters were used. Chl a values calculated by this regression were on average 1.6 mg m 23 60.34 mg m 23 higher than measurements made directly on GF/D filters. The difference may be due to occasionally incomplete capture of autotrophic picoplankton (cells , 2 mm size) by GF/D filters.
Chl a transport past the two sample sites was calculated on a daily, monthly, and annual basis. All Chl a flux calculations were based on measurements made daily of river discharge, summed by month, and monthly averages of Chl a concentration. Annual Chl a transport at Tunica was calculated for the full years of 2006 and 2007, 2 yr for which we made measurements at this site in every month except January 2006 (estimated from Jan 2007). Direct comparison of fluxes at Tunica and Le Tourneau was made for a 15 month period (Jun 2006 -Aug 2007 , during which both sites were sampled at least monthly.
Phytoplankton production in the LMR-The carbon budget for a phytoplankton cell or community can be described in terms of gross primary production (GPP), phytoplankton respiration (R a ), and net primary production (NPP). GPP is the conversion per time of dissolved inorganic carbon (DIC) to phytoplankton organic material. R a is the conversion per time of phytoplankton organic C to DIC in energy-yielding reactions. The difference, GPP 2 R a 5 NPP, measures the amount of phytoplankton-derived organic matter produced per time. In terms of C flux through a phytoplankton cell, GPP should always be $ 0. NPP may be positive or negative, depending on the relative values of GPP and R a .
Our general approach for estimating phytoplankton production in the LMR can be summarized as follows: Areal GPP in the river was calculated based on a model relating production and irradiance. Parameters needed in this model were obtained for each sample-day from laboratory photosynthesis-irradiance incubations and Chl a measurements. River water-column irradiance by depth was derived from hourly surface irradiance, and vertical light-attenuation coefficients. GPP was calculated to the base of the photic zone. Areal NPP was derived from the difference between GPP and R a integrated over the mean cross-sectional water-column depth. Variables included in our calculations are described in Table 1 . Details of the approach are provided below.
For production estimates, values of solar irradiance were averaged by hour over the 10 d period leading up to and including the sample-day. This was done because we were generally more interested in evaluating mean production for the time of year (week or month), as opposed to a particular sample-day, which may have been unusually overcast or clear. Irradiance in units of energy (Watts m 22 ) was converted to photon flux (mmol photons m 22 s 21 ) using a conversion factor of 4.6 (Morel and Smith 1974) . To account for loss of light due to surface-water reflectance, we assumed a constant albedo of 10% (Cogley 1979; Cole et al. 1992) . The photic-zone depth was calculated by setting (I o )I z 21 5 100 in the Beer-Lambert equation, and solving for z. The mean light intensity in the photic zone and in the entire water column was calculated as follows: I avg 5 (I o )(1 2 e 2kz ) (kz) 21 , where z 5 the relevant depth interval (Mallin and Paerl 1992) .
Measurements of the photosynthesis-irradiance (P-I) relationship were made in the laboratory using a Lewis et al. 1985; Schofield et al. 1991 ). This instrument consisted of an aluminum block bored to hold 20 mL scintillation vials at 21 irradiances from 0 mmol photon m 22 s 21 to 700 mmol photon m 22 s 21 . Light was provided by a tungsten-halogen lamp. The photosynthetron was connected to a Fisher Scientific Isotemp 3016 water bath at in situ temperature. Photosynthetic rate was measured using the 14 C-technique (Wetzel and Likens 2000) in 7 mL or 10 mL water samples. The final concentration of [ 14 C]bicarbonate radioactivity added (Moravek Biochemical) was between 0.10 mCi mL 21 and 0.20 mCi mL 21 . Vouchers for exact amount of isotope added were taken at all incubations. Vials were incubated with gentle agitation for 1.5-3 h. For the first 19 months of the study, the photosynthetron incubation was ended by filtration of the entire water sample through a Whatman GF/F filter. The filter, containing particulate production, was acidified to drive off unincorporated inorganic [ 14 C]bicarbonate. The filtrate, containing dissolved extracellular organic carbon, was collected and similarly acidified. After venting for $ 24 h with continuous agitation, sample radioactivity was determined using a Beckman LS6500 Scintillation Counter. On these dates, we were able to distinguish between particulate and dissolved production, and calculate total production by summation. From November 2007 to the completion of the study, we did not filter the samples following incubation. Instead, the entire water sample was acidified to end the incubation, vented, and then analyzed for organic matter production. Measurements on these days include production in particulate plus dissolved forms (total production). In this study, we report production only in the particulate phase, the component of phytoplankton production directly accessible to the grazing food web and useful for determination of growth rates. This is further explained below. DIC in river samples was estimated from the alkalinity, measured by Gran titration (Wetzel and Likens 2000) . After adjustment for DIC concentration and correction for radioactivity in acid-killed controls, phytoplankton production was calculated for each photosynthetron irradiance.
The relationship of production measured in the photosynthetron to irradiance (I) was modeled according to Jassby and Platt (1976) , where production (mg C (mg Chl a) 21 h 21 ) 5 P b max (tanh(a b I(P b max ) 21 )). P b max is the biomass-specific photosynthetic maximum; a b is the relative quantum efficiency of photosynthesis (Table 1) . These two 'photosynthetic parameters' were derived by leastsquares regression of the relevant portions of each P-I curve.
To estimate particulate production for the latter part of the study (see above), we made use of strong linear regression relationships of P max and a obtained for particulate-only and total production. P max and a are the photosynthetic parameters before normalization for biomass. These relationships were derived using data from the initial 21 months of the study. The regression for P max (r 5 0.99, p , 0.001, n 5 48) was y 5 0.95x 2 12.79. The regression for a (r 5 0.96, p , 0.001, n 5 47) was y 5 0.89x 2 0.02. In these equations, the dependent variable (y) is either P max or a derived for particulate production; the independent variable (x) is either P max or a derived for total production.
For conversion of photosynthetron measurements to phytoplankton production, several assumptions must be made. First, because our incubations were relatively short in length, we assumed that measured 14 C-incorporation in photosynthetron incubations was GPP. Second, we assumed that respiratory loss of C was equal to 5% P b max on the day of measurement. This value is at the low end of the range reported for phytoplankton respiration rates (Raven and Beardall 1981; Cole et al. 1992 ). We applied the same respiration rate regardless of time of day or position in the water column.
Calculation of areal (depth-integrated) GPP did not require knowledge of mean river depth (Z m ) due to the shallow photic-zone depth (Z p ) of the LMR. Calculation of 24 h areal NPP, which is affected by R a below the photic zone and at night, did require such an estimate. Estimates of mean river depth on each sample-day were made using the channel geometry analysis technique of Soar et al. (2007) . This technique was developed for a river reach between LMR rkm 909 and rkm 995. This reach is between our two sample sites and includes the confluences of the Arkansas River (mean discharge 5 1004 m 3 s 21 ; Matthews et al. 2005 ) and the White River (mean discharge 5 979 m 3 s 21 ; Brown et al. 2005) , which join the Mississippi at rkm 933 and rkm 965, respectively. The channel geometry analysis technique is based on hydrographic survey data collected between 1992 and 2001. For these surveys, cross-sections were spaced at , 300 m intervals along the river, with depth measurements made along each cross-section at 30-40 m intervals. The median river width in this reach varies between about 640 m and 1100 m in low and high water, respectively (Soar et al. 2007) . The channel geometry analysis technique generates a frequency distribution of mean cross-sectional water depths (5 cross sectional area : top width) for any given river stage. River stage is expressed as the water surface elevation above the Low Water Reference Plane (LWRP), which is an imaginary plane, set so that the river-water surface elevation lies above the LWRP 97% of the time. From gauge measurements one can easily determine the elevation above the LWRP for any given stage. For example, at the Helena gauging station the LWRP is at 20.67 m, so at a river stage height of 5 m, the elevation above the LWRP 5 5.67 m (LWRP + 5.67 m). The gauge readings we used for determination of the elevation above the LWRP were provided by the Army Corps of Engineers. Using gauge readings for each sample-day, we applied the Soar et al. (2007) model to estimate the median (50th percentile) of mean cross-sectional river-channel depths for this reach. For collections made at Tunica, we used the Helena gauge to calculate the median of mean depths; for Le Tourneau, we used gauge readings at Vicksburg.
For calculations of areal phytoplankton production by day, we used the median mean cross-sectional depth derived for that sample-day. This approach enabled us to adjust our areal production measurements to daily variation in mean river depth along an 86 rkm reach located between our two sample sites. A further benefit is that by using a depth estimate derived from hundreds of individual mean depth measurements made in this reach, our production estimates are more likely to be broadly representative of a substantial portion of the LMR than if based on depth at a single location or cross-section. This is crucial in that the water depth varies over short distances, and the light environment phytoplankton experience is integrated both vertically and with transport downriver. From daily gauge measurements at Helena and Vicksburg, and our depth estimates, we derived regression models relating gauge height at these locations to median mean depth for this 86 rkm reach. For Helena, the regression between gauge height (variable x, in m) and median depth (variable y, in m) was y 5 7.83e 0.047x (r 5 0.99, p , 0.001, n 5 51). For Vicksburg, the regression was y 5 0.42 + 7.35 (r 5 0.99, p , 0.001, n 5 15). These relationships were used for evaluation of seasonal and annual patterns in mean channel depth during the period of the study (Table 2) .
Production was calculated at 0.1 m depth intervals over the estimated depth of the relevant portion of the water column. For GPP, this is the photic zone, the depth from the surface to the 1% light level. For NPP, this is the entire water column, from the surface to the mean cross-sectional depth of the river bottom. Results for GPP and NPP are reported in units of mg C m 22 d 21 . Phytoplankton growth rates (m, d 21 ) were evaluated as the ratio daily areal NPP : biomass (Kirchman 2002 ).
Assumptions-Several assumptions not already mentioned must be considered for application of these methods to estimation of phytoplankton production in the LMR. First, we assumed the river water column is completely mixed from top to bottom and bank to bank. Depth profiles in all seasons of temperature, oxygen, and fluorescence never indicated vertical stratification in the main channel. Second, we assumed that the rate of Cfixation measured in the photosynthetron is similar to the in situ rate. This assumption was tested in two ways. To test the effects of incubation time on production measurements, we conducted a time-course experiment in which incubations were ended after various intervals from 10 min to 180 min. To test the effects of artificial light vs. natural sunlight, we compared production measurements made in the photosynthetron and the field. Third, nutrient concentrations, useful in modeling phytoplankton production in some systems (Soetaert et al. 1994; Bukaveckas et al. 2011) , were not considered here, because phytoplankton production is seldom nutrient-limited in the LMR main channel (C. Ochs unpubl.).
Finally, for determination of phytoplankton growth rates, it is necessary to convert phytoplankton biomass in units of Chl a to units of C. For this, we assumed a C : Chl a ratio of 50. This value is intermediate between ratios reported for three major tributaries of the LMR: the Upper Mississippi (C : Chl a 5 22), the Ohio River (26), and the Missouri River (70; Bukaveckas et al. 2011) . We evaluated our assumption of a C : Chl a ratio of 50 by a simulation analysis in which we calculated doubling times (dt) of Table 2 . { GPP-gross primary production; NPP-net primary production.
phytoplankton growing under light-saturated conditions at a range of C : Chl a ratios and a range of respiration rates. In this simulation analysis, at a C : Chl a ratio of 50-55, dt ranged between 4.7 h and 6.1 h. We consider this range reasonable for minimum possible dt (maximum m) under light-saturated conditions for small unicellular diatoms (Geider et al. 1986; Sarthou et al. 2005) , the dominant phytoplankton group in the LMR. On this basis we assumed a C : Chl a ratio of 50 for all further estimations of phytoplankton biomass-C, m, and dt.
Seasonal and annual variation-For evaluation of seasonal variation in river properties, results were averaged annually over three time periods. These were March-June (spring), July-October (summer), and November-February (winter). These 'seasons' were selected for comparison because they roughly delineate major physical and chemical changes in the LMR: the spring flood, the low water period, and a transitional period, respectively (Table 2) .
Statistical evaluation-Temporal variation in environmental variables and phytoplankton community properties for the Tunica data set were assessed by factorial ANOVA, with season (spring, summer) and year (2006, 2007, 2008) as grouping factors. Data collected in winter, or anytime in 2009, were not included in the analysis because of small and unequal sample sizes compared with the other 2 seasons, or the other 3 yr. Because the 3 yr considered were not a random sample of a longer time period, we assumed a fixed-effects model for both year and season. Additionally, 1 of the 3 yr (2008) had significantly higher discharge and river depth than the other two, which justified explicitly considering the interaction effect between year and season. Conclusions about seasonal differences and their interactions with year only apply to the 3 yr considered here. To meet the assumptions of ANOVA, data were ln-transformed as necessary, or, for percentage data, re-expressed by arcsine-square-root transformation. Relationships of photosynthetic variables (P b max , a b ) with continuous environmental variables were evaluated by linear regression using data from both sample sites and all times of year. Regression analyses were performed using either Excel 2010 (Microsoft), or Statistica 8 (StatSoft). All ANOVAs were performed using Statistica 8. Error values (6) refer to the standard error.
Results
Physical and chemical properties-Over the 43 months of this study, the LMR main channel varied seasonally in discharge, mean cross-sectional depth, and turbidity (Table 2 ; Fig. 1a) . Discharge, depth, and turbidity attained maximum values in the spring and minimum values in late summer and autumn. Turbidity increased with discharge up to about 15,000 m 3 s 21 , after which it leveled off at a mean of 59 NTU 6 3 NTU (Fig. 1b) . Chl a concentration decreased exponentially with turbidity (r 5 0.79, p , 0.001, n 5 51), which was positively correlated with suspended solids (r 5 0.89, p , 0.001, n 5 25; Fig. 2 ). In addition to seasonal variation, there was inter-annual variation in river hydrology and the light environment among the years 2006, (Table 2) .
Of 51 sample-days at Tunica, there were only 6 d when the photic zone exceeded 1.5 m, and it never exceeded 2 m. Of 15 sample-days at Le Tourneau, the photic zone never exceeded 1.5 m. At Tunica, mean photic-zone depths varied annually between 0.52 m and 0.87 m in spring, and 0.77 m and 1.47 m in summer. The mean photic-zone depth was 90% and 56% higher in summer 2006 Of particular relevance to phytoplankton photosynthetic activity is the ratio of the photic-zone depth to channel mean depth (Z p : Z m ). This ratio was at a minimum in spring and a maximum in summer. During spring, photiczone depths at Tunica were reduced to as shallow as 0.3 m, resulting in a mean Z p : Z m ratio of 0.09 (in 2006), or less (Table 2) . Hence, in spring, a small particle (such as an algal cell) moving randomly in the main channel water column by turbulence alone, was within the photic zone a mean of 0.6 h to 1.1 h of a 12 h daylight period. In summer, mean Z p : Z m ratios calculated for Tunica were 0.18, 0.14, and 0.09 in 2006, 2007, and 2008, respectively (Table 2) . At a Z p : Z m ratio of 0.18, a randomly moving cell would spend about 2.2 h of the daytime within the photic zone. The maximum Z p : Z m for a single day was 0.25 in August 2006, corresponding to a daytime exposure to sunlight of 3 h.
Chlorophyll a concentration and flux-Chl a at Tunica varied between 3.4 mg m 23 and 24 mg m 23 , averaging 9.2 mg m 23 for the entire study (Fig. 3a) . Minimum values occurred in spring, and maximum values in summer. In each year there was an increase in Chl a concentration from April through August or September. The maximum concentration during the low-water period of late summer and autumn was greater in 2006 and 2007 compared with 2008 (Table 2 ) and 2009. At Le Tourneau, there was a similar temporal pattern in Chl a, notably increasing in spring and summer 2006 and 2007, declining in late autumn ( Fig. 3b ; Ochs et al. 2010) .
The amount of Chl a transported past Tunica in spring and summer was calculated for 2006, 2007, and 2008 from measurements of river discharge and Chl a concentration. Overall, significantly more Chl a was transported during spring than summer (F 1,35 5 19, p , 0.001), although when analyzed by year seasonal differences were significant only for 2008. Because discharge was much higher, Chl a flux was on average 55% greater in spring than during summer (Table 2) , despite the generally lower Chl a concentration during high-water periods. In 2006 and 2007, the mean Chl a flux at Tunica was 3.59 million kg yr 21 6 0.25 million kg yr 21 , or , 180 million kg yr 21 6 18 million kg C yr 21 .
To evaluate whether the flux of Chl a at Tunica was similar to our southern sample site, we compared data for the same period of time, June 2006 through August 2007. Over this 15 month period, mean Chl a concentration was 36% (6 13%) higher at Tunica, but discharge was 23% (6 6%) greater at Le Tourneau. Overall, mean Chl a fluxes at the two sites differed by only 1%, a non-significant difference (paired t-test, t 5 20.53, df 5 14, p 5 0.61).
Tests of production assumptions-In the laboratory incubation time-course, DIC-incorporation occurred within 10 min of light exposure, and the rate was approximately constant up to 180 min of incubation (r 5 0.99, p , 0.001, n 5 6 incubation times). In comparisons of photosynthetron and field incubations, phytoplankton photosynthesis was similar at similar irradiances (Fig. 4) . P b max for both lab and field incubations was attained at , 200 mmol photons m 22 s 21 , a value for light saturation similar to most of our laboratory incubations. Together, these results indicate that, despite spending most of their time in darkness, some river phytoplankton are viable and capable of a rapid photosynthetic response to transient photon availability, and our laboratory production measurements can reliably mimic production in the river water column.
Temporal patterns in GPP and NPP-Based on over 3.5 yr of measurements made at Tunica, areal GPP in the Lower Mississippi varied between 1 mg C m 22 d 21 and . 1500 mg C m 22 d 21 (Fig. 3a) . (Fig. 3a) . Based on 15 months of measurements at Le Tourneau, areal GPP varied between 5 mg C m 22 d 21 and 1015 mg C m 22 d 21 , with a temporal pattern and relationship to Chl a (r 5 0.94, p , 0.001, n 5 15) that was similar to Tunica (Fig. 3b) . As at Tunica, areal NPP at Le Tourneau was negative on all sample-days, varying between 236 mg C m 22 d 21 and 2425 mg C m 22 d 21 . At both sites, therefore, calculated phytoplankton respiratory C-loss exceeded GPP on every sample-day.
We evaluated the effect on our areal NPP calculations if we had assumed production in photosynthetron incubations was actually NPP (Cole et al. 1992 ) rather than GPP (Fig. 3) . Utilizing this less conservative approach made little difference to our calculations of NPP, all of which remained negative. This is because the photic zone (Z p ), the only part of the water column affected by assuming photosynthetron measurements are NPP rather than GPP, was such a small proportion of the mixed depth (Z m ).
Photosynthetic parameters-P b max and a b in Tunica plankton samples were significantly greater in summer than in spring (Table 2) . Linear regressions with temperature were significant, explaining 37% of the variation in ln(P b max ), but only 7.3% of the variation in ln(a b ). After controlling for the effect of temperature by Analysis of Covariance, seasonal differences were still significant, which indicated that temperature did not fully account for variation in these parameters. The natural logarithms of P b max and a b were strongly correlated (data from both sites: r 5 0.87, p , 0.001, n 5 66), which suggests that efficiency of light utilization for C-fixation at sub-saturating irradiances (a b ) corresponded with elevated production at saturating irradiances (P b max ).
Light limitation-From a comparison of the average light in the main channel water column, compared with the irradiance required for saturation of photosynthetic rate, it is evident that NPP in the river was always light-limited. The mean irradiance over a 24 h cycle was never The difference between GPP and NPP is algal respiration (R a ). Also shown is areal NPP calculated assuming that photosynthetron measurements were NPP and not GPP (NPP*). Note that the zero values on the left and right y-axes of both plots are not aligned, and that the sampling time periods, and ranges of values on the y-axes, are not the same for the two sample sites. . 120 mmol photons m 22 s 21 in the photic zone, and never . 28 mmol photons m 22 s 21 in the full water column. In contrast, the saturating irradiance for production in laboratory incubations was never , , 200 mmol photons m 22 s 21 .
In fact, irradiance at the mean depths of the river channel was consistently less than needed for a positive phytoplankton C-balance. We illustrate this result in two ways. In Fig. 5 , we show the relationship of the lightattenuation coefficient (k) and mixed depth for all 66 sample-days. Also shown are three isolines for k and the calculated mixed depth for which NPP 5 0 (a 'compensation river mixing depth') given a particular algal respiration rate (R a 5 1%, 5%, or 10% P b max ). Compensation mixing depths were calculated based on the value of k and the photosynthetic parameters (a b and P b max ) for that day. In Fig. 5 , the region below an isoline shows depths of positive NPP, and the region above an isoline shows depths of negative NPP, for the indicated R a . It is obvious that for respiration rates of $ 5% P b max , the river was too deep in the 3 yr of this study to support NPP $ 0. For a respiration rate of 1% P b max , NPP could be positive at depths greater than the actual river depths when k # 8.0. In Fig. 6 , we show the actual mean water-column irradiance for each sample-day at Tunica. Also shown is the mean watercolumn irradiance required for NPP 5 0 (a 'compensation water-column irradiance') at three levels of R a . Again, it is clear that there was insufficient irradiance to support positive NPP at R a of $ 5% P b max .
Discussion
To our knowledge, this is the first study to describe the temporal pattern in gross and net phytoplankton production in the LMR (in this case at two locations), and only the second study that documents Chl a concentrations over an annual cycle in this large river. Importantly, in terms of river discharge, the period of this study spanned years of low and high water. For the period between 1928 and 2010, mean discharges in the spring for 2006, 2007, and 2008 , were in the 9th, 30th, and 93th percentile, respectively. For the summer, mean discharges in these years were in the 43th, 26th, and 87th percentile, respectively. Hence, the results of this study should not be considered atypical. Here, we examine the implications of our results, evaluate alternative hypotheses to explain them, and compare what we have found with other studies of large rivers.
Temporal patterns of Chl a concentration and transportDuan and Bianchi (2006) 5 . Relationships of measured light-attenuation coefficient (k) and either the actual median mean cross-sectional river depth, or the depth required for NPP 5 0 (compensation mixed depth), given a particular phytoplankton respiration rate (R a 5 1%, 5%, or 10% P b max ). The dashed line is for the regression of k and actual mixed depth. Isolines, indicating compensation mixed depths, were calculated for each sample-day based on the value of k and the photosynthetic parameters measured for that day. At depths less than each of the three isolines for the indicated R a , positive NPP occurs; at depths greater than indicated by the isolines, NPP is negative. Data for all sample-days for both sample sites are included. Equations for the regressions of k (x) and mixed depth (y) are as follows: for the actual depth, y 5 0.26x + 8.31 (r 5 0.57); for R a 5 1% P b max , y 5 72.8x 0.94 (r 5 0.92); for R a 5 5% P b max , y 5 14.6x 0.94 (r 5 0.92); and for R a 5 10% P b max , y 5 7.3x 0.94 (r 5 0.92).
5 7.85, CV 5 48%). Given the discharge of the LMR, at these concentrations there was an enormous flux of phytoplankton biomass downstream (Table 2) , the majority of which is transported during the spring high-water period, when nutrient concentrations and fluxes are also at a maximum. The ecological significance of this massive quantity of phytoplankton organic matter in downstream transit to the coastal region is not presently known.
Chl a concentration in the LMR, if not flux, increased from spring to summer in each year (Fig. 3) , and was associated with decreases in discharge, mean channel depth, and suspended solids load, and an increase in the Z p : Z m ratio. As the Z p : Z m ratio increases, and more of the water column is in the photic zone, the possibility of positive NPP is enhanced. The LMR photic-zone depth reached a maximum, and the mixed depth was at a minimum in late summer (Table 2) . However, although GPP peaked in summer, NPP remained negative. This is partly a consequence of higher respiration rates in summer. We calculated respiration rate as 5% P b max , regardless of the magnitude of P b max . In this study, P b max was 1.5-2.8 times higher in summer than in spring ( Table 2 ). The net effect was that even in summer, when conditions were most favorable to positive GPP, areal NPP remained negative. How is it possible that Chl a, and presumably viable phytoplankton biomass, could increase in summer, while NPP remained negative or near zero? This same conundrum was addressed by Cole et al. (1992) for the tidal Hudson River, where Chl a increased substantially in spring and summer, while dark respiration almost always exceeded GPP. Cole et al. (1992) considered several explanations for this paradox, which we evaluate here along with some others, for the LMR: (1) GPP was underestimated; (2) R a was overestimated; (3) while in transit downriver, positive NPP in stretches of shallow mean depth compensates for negative NPP in deep water; (4) river phytoplankton survive by a heterotrophic metabolism; (5) phytoplankton in the main channel are subsidies from hydrologically connected sites conducive to positive NPP.
Have we underestimated phytoplankton GPP? Our estimates of GPP depend on multiple factors including our determinations of a b , P b max , DIC concentration, phytoplankton biomass, river depth, and the light environment. Our estimates of the photosynthetic parameters, derived from lab incubations, are similar to values reported for other systems (Cole et al. 1992; Sarthou et al. 2005) . Our determinations of DIC (Tunica mean 5 32 mg C L 21 ) correspond closely to values previously reported for the LMR (Raymond et al. 2008 ). As discussed above, our estimates of Chl a concentration are similar to Duan and Bianchi (2006) . Estimates of surface light, turbidity, and the attenuation coefficient were determined empirically. Based on this attenuation coefficient, we determined production to the 1% light level. We considered the effect on our results if, instead, we had calculated production to the 0.1% level, as recommended for a turbid estuary (Kromkamp and Peene 1995) . This would make little difference in our conclusions. Have we overestimated R a ? Reported respiration rates for phytoplankton vary widely. We adopted a common approach by assuming that R a is a constant proportion of P b max , 5% P b max . For comparison, Sellers and Bukaveckas (2003) estimated R a for the Ohio River, the largest LMR tributary in discharge, as 10% P b max . Higher values have been used or reported in other studies (Raven and Beardall 1981; Oliver and Merrick 2006) . This raises the question of what algal respiration rates would allow positive NPP. We calculated the respiration rate, as a percentage of P b max , required for NPP 5 0 for each sample-day at both locations. The mean was R a 5 1.8% P b max (6 0.14%). This is a lower value than is considered plausible for algal respiration (Raven and Beardall 1981) , and another indication that positive phytoplankton production cannot be sustained at the median mean cross-sectional depths of the LMR.
Some authors have postulated that phytoplankton circulating in turbid environments vary in R a between periods when they are in the light ('activity respiration') and periods when they are in the dark ('basal' or 'dark respiration'). For example, in a study of a turbid estuary system, the Westerschelde, Soetaert et al. (1994) modeled activity respiration as 25% of actual GPP (rather than P b max ), and basal respiration (R basal ) as a function of biomass and temperature. Application of the Soetaert et al. (1994) model to our data results in calculated phytoplankton dt in summer that seem impossibly short (, 4 h). Yet, we agree the possibility of variable respiration rates by phytoplankton adapted to turbid, circulating environments needs further investigation.
Finally, critical in the calculation of areal NPP is determination of areal R a , for which accurate crosssectional depth estimates are necessary. Our mean depth estimates have the advantage of being for an extended river reach, rather than a single location, and were adjusted daily according to river elevation. Is it possible, however, that there are reaches in the main channel where NPP is positive as well as places where it is negative? Within the 86 rkm reach where productivity was estimated, the mean crosssectional depth varies, spatially and temporally, and it is conceivable that positive NPP in more shallow segments could compensate for negative NPP in deeper places. Fortunately, the Soar et al. (2007) model can also be used to evaluate the probability, or percentages, of a crosssection within the reach having a particular mean depth depending on river elevation. These probabilities are shown for exactly the depth of the LWRP (LWRP + 0) in Table 3 . We used this probability distribution to estimate areal NPP at LWRP + 0, relative to the percentage of time a freely floating phytoplankton cell being swept down this reach would spend at different mean cross-sectional depths. This analysis was performed for 2 d of least mean depth (7.92 m), relatively clear water (10-17 NTU), and maximum GPP: 10 August 2006 and 08 August 2007. Areal mean NPP was obtained by summing (integrating) the individual NPP estimates by percentile over depth. Calculated in this way, we get results consistent with results calculated by simply using a daily median mean depth for the entire reach (Fig. 3a) . On this basis, we rule out the possibility that we underestimated NPP by utilizing the median mean cross-sectional depth in our calculations rather than summing over actual crosssectional river depths, at least for LWRP + 0 or greater depths. At river elevations below LWRP + 0, a higher percentage of channel mean depths could be less than the compensation mixing depth, and positive NPP more likely. We are unable to evaluate this possibility rigorously, because the Soar et al. (2007) model does not extend below LWRP + 0. However, by definition, the river is below LWRP + 0 only 3% of the time, so such events should be uncommon, except in drought years.
Are phytoplankton in the river capable of heterotrophic or mixotrophic metabolism? The dominant phytoplankton groups in the LMR water column are coccoid diatoms (up to 64% of cell abundance) and crytomonad algae (up to 30% of abundance; O. Pongruktham and C. Ochs unpubl.). Some species of cryptomonads are capable of mixotrophic nutrition, combining photosynthetic fixation of C with phagotrophic acquisition of particulate organic matter (Kugrens and Clay 2003) . Diatoms are not capable of phagotrophy, but may be able to incorporate dissolved organic substrates under low light conditions (Fore and Grafe 2002; Tuchman et al. 2006) . Presently, we do not have sufficient knowledge of phytoplankton heterotrophy in the LMR to evaluate its likelihood as a method of survival or growth.
Could phytoplankton in the main channel be subsidized from other environments (Reynolds and Descy 1996; Schiemer et al. 2001; Thorp and Delong 2002) ? After considering several other possibilities, Cole et al. (1992) concluded that spring and summer blooms of phytoplankton biomass in the tidal Hudson River were probably subsidies from more shallow regions of the river, either closer to the river banks or upstream. Here we consider the possibility of inputs from other locations, including upstream, inshore, and backwater, to our primary sample site within the LMR main channel at Tunica.
One possible source of phytoplankton from upstream is from the closest major tributary of the LMR north of Tunica, the Ohio River. The Ohio River is partitioned into a series of navigation pools in which water velocity slows, turbidity is reduced, and positive NPP is possible (Sellers and Bukaveckas 2003) . The confluence of the LMR and (Fig. 3a) . For the calculation, we assumed an exponential growth model, mt 5 B t : B o , where m is the specific growth rate measured at Tunica, t 5 the transit time, and B t : B o is the ratio of biomass-C from the start (B o ) to the end (B t ) of the trip. During this summer period of 2007, phytoplankton biomass-C would have decreased while in transit, depending on the sample-day, by between 14% and 29% at a water velocity of 2 m s 21 , and between 26% and 50% at 1 m s 21 velocity. Only if the phytoplankton have higher growth rates upriver, or substantial storage compounds to draw on while in dark transit, does it seem plausible that cells collected at Tunica could have survived this degree of biomass-C loss and remain viable if derived from the Ohio River or more distant tributaries.
Another potential source of phytoplankton biomass to the LMR main channel may be from production in shallow or slackwater lateral regions of the river (Reynolds and Descy 1996; Schiemer et al. 2001; Hein et al. 2005) . In this study, we assumed complete mixing of water across the river channel, and calculated production for the mean cross-sectional depth. With respect to the location of biological processes, this may be an overly simplistic model. We did not take into account the possibility of scattered, local 'hot spots' of production in shallow regions along the river edges ('inshore') having a prolonged residence time, but that mix slowly with the main channel flow. After all, the critical mixing depth at minimum summer turbidity could be as much as 7.0 m (Fig. 5) and still support positive NPP. Possible inshore locations sustaining positive NPP include lateral bays, inlets, pools, downstream of river islands where sand bars can form, or perhaps behind wing dikes (Sabol et al. 1984; Schiemer et al. 2001) . Phytoplankton biomass produced in, and slowly exiting from, such 'storage zones' (Reynolds and Descy 1996) might contribute to increases in biomass in the main channel in summer.
Additionally or alternatively, increases in phytoplankton biomass to the main channel in mid-summer may be partly supported by production occurring in floodplain backwaters, aquatic habitats that occasionally connect to the river but do not have continuous flow-through. Phytoplankton production and biomass in these backwaters can be orders of magnitude greater than in the main channel (O. Pongruktham and C. Ochs unpubl.). Due to their elevated productivity, these sites are recognized not just as important habitats for primary production, but as significant sites for secondary production (Sabol et al. 1984; Junk et al. 1989; Baker et al. 1991) . Although during low water, hydrologic connection with backwaters is reduced compared with the high-water period, some degree of connectivity can persist; and as the river stage drops in summer, the elevational gradient can result in a flux of phytoplankton-rich water from these sites into the main channel (O. Pongruktham and C. Ochs, pers. obs.) . To demonstrate that these potential storage zones, inshore or backwater, are important sources of phytoplankton to the main channel, it will be necessary to quantify the spatiotemporal pattern in exchange rates of water and plankton across the hydrological gradient of this complex river-floodplain system (Reynolds and Descy 1996; Thorp et al. 2006) .
In summary, regardless of the time of year, viable phytoplankton were present in the main channel of the LMR, and during the low-water period there was an increase in phytoplankton concentration in all 3 yr. In the main channel, phytoplankton survival is challenged by mean light conditions inadequate to support positive NPP. This situation is only possible if phytoplankton in the main channel persist by heterotrophic means, or are regularly subsidized from hydrologically connected sites conducive to positive NPP. Possible sites include upstream tributaries, shallow and slackwater lateral locations within the main channel that during low water mix slowly or intermittently with the rest of the channel, and/or connected floodplain backwaters. As potentially important nursery areas of planktonic primary production, these connected habitats are likely to be critical to secondary production of the entire river food web.
